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We present a study of the stability of room-temperature skyrmions in [Ir/Fe/Co/Pt] thin film multilayers,
using the First Order Reversal Curve (FORC) technique and magnetic force microscopy (MFM). FORC di-
agrams reveal irreversible changes in magnetization upon field reversals, which can be correlated with the
evolution of local magnetic textures probed by MFM. Using this approach, we have identified two different
mechanisms - (1) skyrmion merger and (2) skyrmion nucleation followed by stripe propagation - which facil-
itate magnetization reversal in a changing magnetic field. Analysing the signatures of these mechanisms in
the FORC diagram allows us to identify magnetic “histories” - i.e. precursor field sweep protocols - capable
of enhancing the final zero-field skyrmion density. Our results indicate that FORC measurements can play a
useful role in characterizing spin topology in thin film multilayers, and are particularly suitable for identifying
samples in which skyrmion populations can be stabilized at zero field.
Magnetic skyrmions are topologically charged spin tex-
tures which resist external perturbations and are thus
appealing as potential information carriers for spin-
tronic technology1–4. Recently, it has been shown that
thin film multilayers comprising ferromagnets (FM) and
heavy metals (HM) are ideal candidates to host stable
skyrmion phases5. In these materials, additively en-
hanced Dzyaloshinskii-Moriya interactions from neigh-
bouring interfaces within the multilayers enable spin-
winding (and hence, skyrmion formation) to occur even
at room temperature (RT)6–9.
Successful implementation of magnetic skyrmions in
technology calls for a thorough understanding of the
magnetization reversal processes in the skyrmion-hosting
materials. The technique known as First Order Rever-
sal Curve (FORC) acquisition provides an informative
method of studying these processes. FORC essentially
quantifies the degree of irreversible magnetization switch-
ing taking place as a magnetic material evolves under an
applied field10–16. This approach has revealed various
complex magnetization reversal behaviours, such as irre-
versible avalanche-like propagation of domains from pre-
viously nucleated bubbles in Co/Pt multilayers17, and
fractal domain propagation in CoCrPt thin films18.
We anticipate that non-trivial magnetization rever-
sals will also be exhibited in skyrmion-hosting materials,
since skyrmion nucleation - like other processes involv-
ing modifications of domain topology - is magnetically
irreversible19–21. Tracking the presence of irreversibility
in these materials should hence enable history-dependent
modifications to the remanent domain topology22,23.
Such behaviour could be utilised for stabilising zero-field
skyrmions, which are technologically and scientifically
a)Corresponding author: christos@ntu.edu.sg
attractive24–26. This paper presents our study of mag-
netic irreversibility of skyrmions in FM/HM multilayers
using the FORC technique. In particular, we examine
the link between irreversible changes in local magnetiza-
tion profiles at finite fields and the eventual presence of
stable skyrmion populations at zero field.
Our choice of material in this study is the[
Ir(10)/Fe(x)/Co(y)/Pt(10)
]
20 thin film multilayer,
where (10,x,y,10) are thicknesses in A˚. These het-
erostructures are known to exhibit magnetic skyrmions
at RT (300 K) in the presence of an applied magnetic
field9,27,28. Varying the ferromagnetic (Fe(x)/Co(y))
composition allows magnetic interactions such as the
Dzyaloshinskii-Moriya interaction (D), exchange (A) and
magnetic anisotropy (K ) to be tuned. This in turn af-
fects the thermodynamic stability of skyrmions, which is
quantified by the parameter κ29–31:
κ =
pi
4
D√
AK
(1)
When κ < 1, skyrmions exist as isolated, metastable
entities. For κ ≥ 1, stable skyrmion lattices are expected
to form in an out-of-plane magnetic field, although the
equilibrium zero-field ground state remains a chiral spin-
stripe phase29. However, it is likely that the intrinsic
skyrmion-skyrmion repulsion in dense arrays will allow
individual topologically-charged skyrmions to resist de-
formation into stripes, and hence survive as the applied
field is decreased. We therefore explore this possibility
- stabilizing zero-field skyrmions using magnetic history
control - in multilayers with compositions Fe(3)/Co(6)
and Fe(4)/Co(6), whose κ values - 1.1 and 2.1, respec-
tively - have been shown to generate dense arrays of
skyrmions in applied fields9.
Our experiments use the same batch of samples, whose
magnetic parameters (including κ) were previously char-
acterized and discussed in ref. 9. We have employed
2similar magnetic force microscopy (MFM) techniques to
image the spin textures. The FORC analysis we present
here is based on a series of magnetization experiments,
performed with a vibrating sample magnetometer (VSM)
at RT. Each FORC measurement follows a two-part se-
quence. First, a positive field (400 mT) sufficient to sat-
urate the sample magnetization is applied perpendicu-
lar to the sample plane. This field is then swept down
to a lower value, referred to as the reversal field, HR
(Fig. 1(a)). Next, the applied field is swept up from
HR towards its final value (which is always µ0H = 0 in
our experiments), tracing a reversal branch known as a
FORC (red line, Fig. 1(a)). The sequence is repeated
for multiple values of HR, equally spaced at 2.5 mT-
intervals between −400 and 0 mT. This yields a family
of FORCs which fill the interior of the major hystere-
sis loop(Fig. 1(b)). The magnetization inside the ma-
jor loop is described by a two-variable quasi-continuous
function M(HR, H) (Fig. 1(c)). From this, the degree of
magnetic irreversibility can be quantified via the FORC
distribution:
ρ = −1
2
∂2M(HR, H)
∂HR∂H
(2)
Purely reversible changes in magnetization give ρ = 0,
while for irreversible changes ρ 6= 014. A contour plot
of the ρ values in the (H,HR) plane (calculated by the
FORCinel algorithms developed by Harrison and Fein-
berg 32) is known as a FORC diagram (Fig. 1(d)), which
locates and quantifies the irreversibility of the magneti-
zation reversals taking place in the sample14,33. A useful
way to analyse a FORC diagram is to project ρ onto the
HR axis to obtain the switching field distribution (SFD).
This is accomplished by integrating ρ over H:
ρSFD =
∫
−1
2
∂2M(HR, H)
∂HR∂H
dH (3)
Plotting ρSFD against HR measures the irreversibil-
ity of the changes in magnetization which occur while
sweeping the magnetic field back to zero from each re-
versal field HR. In this way, distinct irreversible pro-
cesses taking place within different ranges of HR can be
identified34–36. The use of the ρSFD plot will be demon-
strated later in this paper.
We will focus on magnetization switching from nega-
tive values of HR, where both skyrmions and stripes can
be observed at RT. The FORC diagram of Fe(3)/Co(6)
reveals 3 major regions, labeled A, B and C as shown
in Fig. 1(d). Region A, where 0 . −µ0HR . 110 mT,
is a mostly featureless region with ρ ∼ 0. Magnetiza-
tion changes in this region are therefore predominantly
reversible. In contrast, a broad oval-shaped contour de-
velops in region B (110 mT . −µ0HR . 190 mT), with
positive ρ values which peak at µ0HR ∼ −175 mT. This
indicates that magnetic reversal in this HR range is an
irreversible process, which may destroy pre-existing mag-
netic textures. Lastly, in region C, where −µ0HR & 190
FIG. 1. FORC measurement procedures and magnetic
irreversibilities in Fe(3)/Co(6) (a) FORC measurement
schematics: starting from a saturated state (HS), the system
is brought to a field HR (black dot at the end of the green
line). A FORC (red line) is a reversal curve originating at
HR on the major hysteresis loop, then rising to a final field
(zero in our experiments). (b) A family of FORCs (red lines)
is measured at equally spaced HR, filling up the interior of
the major hysteresis loop (blue dotted line). (c) 2D map
of magnetization values traced out by the FORCs in (b) for
different values of HR and H . (d) The resultant contour plot
of ρ values - known as the FORC diagram - calculated from
the magnetization data shown in (c).
FIG. 2. Modification of domain topology in
Fe(3)/Co(6). (a)-(c) MFM images acquired at µ0H =
µ0HR =-110, -180 and -200 mT, respectively. (d)-(f) MFM
images subsequently measured at µ0H = 0 following re-
versal from HR demonstrate clear modifications to the do-
main topologies. Fractured domains and isolated zero-field
skyrmions are observed when HR falls into region B of the
FORC diagram. Scale bar: 500 nm.
3FIG. 3. Magnetic irreversibility and domain topology modification in Fe(4)/Co(6). (a) The FORC diagram of
Fe(4)/Co(6) shows similar features in ρ(H,HR) - labeled A
′, B′ and C′, respectively - to those of Fe(3)/Co(6). H = HR to
H = 0 reversal sequences are indicated by labeled arrows: b→c (region A′), d→e (region B′) and f→g (region C′). (b)-(g)
MFM images acquired before and after each reversal sequence. A wide variety of domain topologies ranging from individual
skyrmions to labyrinthine stripes can be stabilized in the remanent state (c,e,g), depending on the magnetic history. Zero field
skyrmions are notably observed at high density (27µm−2) after sequence d→e. Scale bar: 500 nm.
mT, which is close to the nominal saturation field of the
sample, a pair of positive and negative ρ-contours emerge,
both peaking at µ0HR ∼ −210 mT.
Our MFM images show the presence of both stripes
and skyrmions, especially at low magnetic fields. We dis-
tinguish these spin textures by their geometric eccentric-
ity, taking account of our finite spatial resolution. Within
a binarized image, the true eccentricity of a circular do-
main with radius 2±0.5 pixels (the typical skyrmion size)
can lie between 0 and 0.8. Evaluating the eccentricity of
all resolved spin textures in our images, we therefore set
0.8 as the threshold, below which the domain is consid-
ered a skyrmion, and otherwise a stripe. As the reversal
field amplitude rises from region A to region C, MFM im-
ages obtained at µ0H = µ0HR indicate a gradual transi-
tion from a stripe phase to a skyrmion phase. Stripe do-
mains, seen at µ0HR = −110 mT (Region A, Fig. 2(a)),
shrink to form circular skyrmions as the applied field
increases to µ0HR = −180 mT (Region B, Fig. 2(b)).
This is followed by a gradual annihilation of skyrmions
at higher fields (Region C, Fig. 2(c)). To examine what
happens to these magnetic textures following magnetiza-
tion reversals in each region, we reduce the applied field
to zero from each HR and image the magnetic configu-
rations of the remanent (µ0H = 0) states. In region A,
reducing the magnetic field from µ0HR = −110 mT to
µ0H = 0 mT converts the initially mixed stripe-skyrmion
configuration into a labyrinthine network of stripe do-
mains (Fig. 2(d)). In region B, however, the remanent
state (reversed from µ0HR = −180 mT) contains short,
fractured stripe domains (Fig. 2(e)). Notably, some iso-
lated circular skyrmions are seen to remain in the system.
Lastly, for µ0HR = −200 mT (Fig. 2(f)), the remanent
state consists mostly of fractured stripe domains visibly
longer than those in Fig. 2(e).
The wide variety of domain configurations observed be-
fore and after magnetization reversal suggests that mul-
tiple reversal mechanisms may be active in skyrmion-
hosting films. Firstly, in region C of the FORC diagram,
the positive-negative pair of ρ-contours is reminiscent of
the high-field irreversibility signature ascribed to bub-
ble nucleation (and subsequent stripe propagation) in
Co/Pt multilayer thin films17. In Fe(3)/Co(6), finite-
length stripe domains are present at zero field after re-
versal from a state close to uniform ferromagnetic po-
larization. This suggests that the primary magnetization
reversal mechanism in region C is the (irreversible) nucle-
ation of skyrmions and their ensuing (reversible) propa-
gation into stripes. Secondly, the presence of a dense
array of skyrmions at µ0H = µ0HR coincides with the
ρ-contour arising in region B, where a mixed population
of skyrmions and short stripes survives reversal to zero
field. Here, the likely source of irreversible magnetiza-
tion switching is the merger of skyrmions to form stripe
domains: as the magnetic field is reduced, skyrmions be-
come unstable to elliptical deformations and expand until
they collide and merge with a neighbouring skyrmion or
stripe29. Such mergers are irreversible, for they require
skyrmions to unwind their topologically protected spin
textures to form a single stripe - hence, topological charge
is not conserved. Lastly, when the system is in region A
of the FORC diagram, many stripes remain present at
µ0H = µ0HR and the skyrmion density is low. There-
fore, less topological charge annihilation is required for
magnetization reversal, accounting for the smaller values
of ρ in this region.
Our observations indicate that two main reversal mech-
anisms take place in Fe(3)/Co(6): (1) skyrmion nucle-
4FIG. 4. Normalized switching field distribu-
tions (SFD) and zero-field skyrmion stability for
Fe(3)/Co(6) and Fe(4)/Co(6). (a,b) Normalized SFDs
for both samples display two peaks: one associated with
skyrmion merger (B,B′), the other corresponding to skyrmion
nucleation (C,C′) following magnetization reversals. (c,d)
Skyrmion densities measured by MFM at H = HR (blue
lines) and H = 0 (red lines) after reversing from HR. In
Fe(4)/Co(6), the maximum skyrmion densities achievable at
HR and zero-field are 50 and 27 µm
−2 respectively, compared
with 23 and 3 µm−2 in Fe(3)/Co(6).
ation at high fields near saturation (region C) followed
by reversible propagation into stripes, and (2) skyrmion
merger at lower reversal fields within the skyrmion phase
(region B). In region B, although many skyrmions appear
to have merged into stripes at zero field after reversal,
some skyrmions remain visible (Fig. 2(e)). While this
can be partially attributed to disorder-induced pinning
in our sputtered films, the survival of skyrmions at zero
field is also linked to their thermodynamic stability in
Fe(3)/Co(6), where κ = 1.19. It is plausible that an even
higher density of zero-field skyrmions could be achieved
in samples with larger κ by following similar field-reversal
protocols. We therefore conduct the same set of experi-
ments - FORC analysis and MFM imaging - on sample
Fe(4)/Co(6) (κ = 2.1), in order to test this hypothesis
and validate our proposed magnetization reversal mech-
anisms.
The FORC diagram for Fe(4)/Co(6) is shown in
Fig. 3(a): magnetization reversals in this sample ex-
hibit features consistent with those of Fe(3)/Co(6). The
key regions are labelled A′, B′ and C′, in correspon-
dence with the A, B and C regions in Fig. 1(d). Similar
to Fe(3)/Co(6), the magnetic configuration at µ0H =
µ0HR evolves from a mixed stripe-skyrmion phase (A
′,
Fig. 3(b)) to a full skyrmion phase (B′, Fig. 3(d)) and fi-
nally a near-saturation phase where most skyrmions have
already been annihilated (C′, Fig. 3(f)). Following mag-
netization reversal, short fractured domains (including
skyrmions) are observed at remanence (Fig. 3(c),(e),(g)).
Remarkably, the skyrmion density at zero field for
Fe(4)/Co(6) reaches a maximum of ∼ 27 µm−2, com-
pared to 50 µm−2 attained at the reversal field Fig. 4(d).
In contrast, zero-field skyrmion density can only reach
∼ 3 µm−2 in Fe(3)/Co(6).
The emergence of such a large zero-field skyrmion pop-
ulation in high-κ multilayers can be understood by evalu-
ating ρSFD in both of our samples (Fig. 4(a),(b)). Peaks
indicating irreversible changes in magnetization emerge
in regions B,B′ and C,C′ for both films; however, the
separation and relative amplitude of these peaks differ
strongly between samples. For Fe(3)/Co(6), the peaks in
B and C are separated by ≈ 40 mT and the peak in B
is dominant. In contrast, for Fe(4)/Co(6), the peaks in
B′ and C′ are separated by ≈ 90 mT and the peak in C′
is far larger. Recalling the principal reversal mechanisms
occurring within each region of the FORC diagrams, we
deduce that the peaks in C,C′ correspond to skyrmion
nucleation, while those in B,B′ are caused by topologi-
cal charge annihilation via skyrmion merger. We note
that skyrmion depinning (and subsequent motion as the
field is reduced) may also contribute to the magnetic irre-
versibility observed in regions (B,B′). Such behaviour is
analogous to the well-known irreversibility caused by do-
main wall depinning37. However, the correlation between
the decrease in skyrmion density upon field reversal and
the rise in peak amplitude of ρSFD within (B,B
′) indi-
cates that skyrmion merger is the dominant contributor
to irreversibility in this field regime.
The qualitative trends linking ρSFD(HR) with our ob-
served zero-field magnetization textures are clear. In
Fe(3)/Co(6), skyrmions are less likely to form (lower
peak in C) and more likely to merge into stripes (higher
peak in B). Conversely, in Fe(4)/Co(6) skyrmions can
be stabilised within a broader range of magnetic fields
due to their higher κ, creating a larger separation be-
tween the peaks in B′ and C′. Skyrmions are therefore
more likely to form (higher peak in C′) and less likely
to merge into stripes (lower peak in B′). Furthermore,
due to the higher κ value, the skyrmion radius decreases
and a denser array of skyrmions is formed at the re-
versal field HR. These small, closely-packed skyrmions
experience comparatively stronger repulsive forces from
their neighbours38,39, preventing them from merging
into stripes. Consequently, the density of skyrmions
which can be engineered to survive at zero field is far
higher in Fe(4)/Co(6), in agreement with our MFM data
(Fig. 4(c),(d)).
It is difficult to draw more quantitative conclusions
from our ρSFD plots, since the absolute peak mag-
nitudes may be affected by mean-field and magneto-
static interactions35,40, especially in regions C,C′ where
negative FORC contours are observed. Nevertheless,
our results show that FORC diagrams and associated
ρSFD(HR) curves can predict the propensity of ferro-
5magnetic multilayers to host stable zero-field skyrmions,
even without any knowledge of κ or prior imaging ex-
periments. Moreover, our data indicate a simple route
to maximize zero-field skyrmion densities: field reversal
from an intermediate (i.e. region B,B′) value of HR.
In summary, our FORC and MFM measurements re-
veal two distinct irreversible processes contributing to the
magnetization reversals in the [Ir/Fe/Co/Pt]20 multilay-
ers: (1) skyrmion nucleation from a uniformly polarized
state and (2) skyrmion mergers forming stripe domains.
These processes are controllable by magnetic field cy-
cling which modifies the remanent domain topology, re-
sulting in the presence of fractured domains and isolated
skyrmions at zero field. We have shown how FORC dia-
grams and associated SFD plots can be used to establish
field cycling protocols for maximizing zero-field skyrmion
densities, as well as for inferring trends in skyrmion sta-
bility between different multilayer compositions. FORC
analysis should therefore be considered a valuable tool for
characterizing and tuning spin topology in non-collinear
magnets.
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